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Description

[0001] The invention refers to a process for the reme-
diation of contaminated soil, sediments and aquifers by
chemical and physical mechanisms of separation, char-
acterized in that gaseous or liquid carbon dioxide (CO,)
is released into the soil.

Background of the invention

[0002] The remediation of contaminated sites is be-
coming more and more important in the environmental
field. Existing technologies can be divided into in situ, on
site and ex-situ technology, according to which the rec-
lamation is done directly in the ground, above ground at
the site in question or above ground in another operating
site.

[0003] The decontamination systems used can be bi-
ological, chemical or physical, using respectively the ac-
tivity of biological degradation, the properties of reactive
chemical agents and/or chemical and physical mecha-
nisms of separation.

[0004] In particular, the chemical and physical proc-
esses appear to be those used for the separation of con-
taminants from solid matrices in order to be able to per-
form the extraction or make them available to chemical
and /or biological degradation.

[0005] Amongthechemical and physical mechanisms,
there are technologies based on the stripping of volatile
substances, on the thermal desorption and on the ex-
traction/washing with solvents.

[0006] Stripping technologies are used both in-situ
(Air-sparging, Soil Vapor Extraction, Dual Phase Extrac-
tion, etc.) and on-site/ex-situ and are often combined to
a phase of adsorption of the extracted vapors on activat-
ed carbon.

[0007] Stripping processes are applicable for the ex-
traction of volatile substances and then generally for light
organic compounds with low vapor pressure. The heavier
compounds adsorbed to the soil in general are not af-
fected by the stripping extraction techniques.

[0008] The processes of thermal desorption and of ex-
traction/washing with solvent are mainly applied ex-situ,
using dedicated plants.

[0009] Thermal desorption is based on the principle of
inducing volatilization and thus the desorption of organic
compounds from the soil through the use of heat. The
soil is heated in the combustor at temperatures from 90
to 650°C, with values typically of 420°C. The desorbed
organic substances are evaporated and then conveyed
to a second compartment for removal.

[0010] The application limits of thermal desorption are
related to the size of the soil, to the re-use of soils and
to the inherent risks of the treatment.

[0011] Inparticular,the heattreatmentis notapplicable
on soils with fine sizes such as silt and clay because of
the excessive production of dust that may cause prob-
lems for the management of suction filters.
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[0012] From the viewpoint of reuse of treated soil, the
use of temperatures lower than 460°C results in a deple-
tion/deterioration of the soil requiring long periods to re-
cover the quality for agronomic re-use. For temperatures
above 500°C, soil suffers irreversible damage that pre-
vents its agronomic use and limits its reuse as filling ma-
terial.

[0013] The heattreatmenthas also not negligible com-
ponents of risk, and it is necessary to provide accurate
monitoring of explosion limits in desorption and post-de-
sorption rooms in order to monitor that the evaporated
contaminants does never determine the establishment
of condition that may cause fire or explosions.

[0014] Itmustbe underlined thatthe application of ther-
mal desorption results to be a very expensive technology
requiring, in addition to high energy consumption for heat
production, the excavation and transport of soil to treat-
ment plant, resulting in significant cost increases.
[0015] Soil washing treatments are performed ex-situ
involving washing with water, eventually added with
chemical reagents, to promote the dissolution and/or dis-
persal of contaminants. Usually the soil washing is inef-
fective and/or impractical in the case of the fine-grained
soils in which the desorption process are harder and the
levels of contamination higher. It should be noted, more-
over, that often soil washing determines the production
of wastewater with high content of contaminants, of res-
idues of reagents and, notleast, of thin dispersed material
contaminated. This wastewater requires further treat-
ment that may be particularly significant in technological
and economical terms in order to meet discharge dispos-
al and /or reuse limits.

[0016] An alternative to soil washing, or its possible
post-treatment, appears to be extraction with solvent,
such as ethyl acetate. This treatment is applicable to all
types of soil particle size and it has the advantage to be
carried out atroom temperature requiring low power con-
sumption. One drawback of the technology is the use of
solvents which, because of their nature, can be a source
of environmental pollution.

[0017] The purpose of the invention is to eliminate the
drawbacks of the above mentioned known systems. With
the present invention it is proposed an alternative and
better, than those given above, application to obtain the
desorption of contaminants from soils, sediments and
aquifers, based on the use of carbon dioxide.

[0018] In order to better understand the use of carbon
dioxide in its various phases, the state diagram is report-
ed in Figure 1.

[0019] The triple point of carbon dioxide is at -56.6°C
and 5.18 bar, while the critical point at 31°C and 74 bar.
At ambient pressure and temperature carbon dioxide (or
CO,) is a colorless and odorless gas. At ambient pres-
sure and at temperatures below -78°C carbon dioxide
solidified (dry ice). At temperatures higher than -78°C,
dry ice sublimates directly into gaseous form.

[0020] Carbondioxide isliquefied attemperatures low-
er than 31°C and pressures higher than 74 bar. The lig-
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uefaction pressure varies with temperature (-20°C/19 bar
-10°C/26 bar, 0°C/34 bar and 10°C/45 bar, 20°C/57 bar,
30°C/70 bar). For pressures above 74 bar and temper-
atures above 31°C, carbon dioxide is in the state of su-
percritical fluid.

[0021] The supercritical CO, is used in the chemical
and food industry for extraction of particular substances
in special reactors. Studies for the extraction of pollutants
in supercritical CO, were also made for the treatment of
waste or soil. However, these applications require the
use of special reactors with operating pressures above
74 bar, and this strongly influences the treatment costs
and the amount of soil or waste that can be treated. The
use of supercritical CO, is not covered by this invention.
[0022] In the field of soil remediation, the contact of
CO,, with a wet soil can determine a change in the phys-
ical-chemical equilibrium between water and soil. In par-
ticular in case of contaminated soil in which exogenous
substances are adsorbed on the soil, changing the chem-
ical and physical equilibrium induced by the CO, injec-
tion, can induce changes in the mechanisms of interac-
tion between the soil and contaminants.

[0023] The main mechanisms of interaction between
the soil and contaminated are:

- solubilization;

- acid-base reactions;

- formation of complexes or chelates;

- redox reactions;

- hydrolysis;

- adsorption;

- volatilization;

- biological and/or chemical transformation.

[0024] Each of these mechanisms is governed by de-
termined parameters such as temperature, pressure, pH,
humidity, etc. In particular, some of these mechanisms
occur only in the presence of water, while others make
use of soil humidity.

[0025] Carbon dioxide is a highly water soluble gas
(1.45 g/l at 20°C at ambient pressure) and when dis-
solved in aqueous solution determines the formation of
carbonic acid and the subsequent dissociation in carbon-
ate and bicarbonate. Because of these properties, the
CO, is an element that can change the characteristics of
an aqueous solution in terms of pH and salinity. In these
terms, the injection of CO, may induce changes in the
various existing mechanisms between soil and contam-
inants. In particular, its action can be expressed:

- insolubility equilibrium of substances, increasing the
dissolution in the aqueous phase; in acid-base reac-
tions, shifting the equilibrium existing between an
acidic substance and its conjugate base;

- in complexes or chelates formation, supporting their
formation or desegregation;

- in hydrolysis reactions, promoting or catalyzing
them;
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- inadsorption process, changing the organic carbon-
water partition coefficients (Koc) of the contaminants
due to the alteration of the solubility of the same;

- in volatilization of contaminants due to the effect of
mechanical stripping and thanks to the alteration of
solubility and adsorption;

- in chemical and/or biological transformations, pro-
moting the dissolution of the adsorbed substances
and the subsequent biological and/or chemistry deg-
radation. Reactions may also be favored by the pH
changes induced.

[0026] Itis emphasized that the carbon dioxide results
to be a not toxic compound. In these terms, its injection
underground or in mounds of soil does not involve pol-
lutants addition.

[0027] The solvent power of CO, is greatest when it is
in supercritical phase, however, as shown by experience,
its power to dissolve or to maintain in solution the sub-
stances was also tested in the gaseous phase or liquid
phase. Between the two phases, the liquid one has the
higher solvent power.

[0028] In particular, in some tests, it was possible to
keep in solution straight chain hydrocarbons and also to
solubilize a number of polycyclic aromatic hydrocarbons
(PAHSs), which are solid, with concentrations of 500 ppb.
It's possible that the solubility of these compounds at
sub-critical COs is still higher.

[0029] Anotherlaboratory test carried out on sand con-
taminated by hydrocarbons has highlighted the capability
of CO, to induce the desorption of organic material. The
test was performed on a volume of about 0.2 liters of
sand saturated with water, injecting gaseous CO, for a
time of 1 hour. The following table reports the results
obtained in terms of reduction of organic content (VS -
volatile solids) and microbiological count (TBC - total bac-
terial count) coated on the sand after CO, desorption.

Table: Results of CO,, treatment test of sand
contaminated by hydrocarbons

Samol Vs TBC
amp'e markg CFU/g
T, 31315 2.6E+07
Thinal 25600 6,8E+05

[0030] According to the tests results, it is clear the CO,
capability toremove the organic material fromthe surface
of the sand and to keep the compounds in solution. The
tests have also highlighted the effect of CO, on the micro-
biological total count, resulting in reduction of concentra-
tion of two orders of magnitude. This effect is also con-
sidered in the process of the invention.

[0031] From the microbiological point of view, the CO,
has mainly a bacterium-static action, and the initial re-
duction in bacterial activity may be reinstated in time. It
is emphasized that this property makes possible the com-
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bination of the treatment system with CO, to a subse-
quent bioremediation system, for example using the ox-
ygen insufflation system disclosed in EP 1914016. Doc-
uments US-B1-6379083, EP-A2-1029604 and US-A-
5290528 are disclosing a system of reclamation of con-
taminated soils where carbon dioxide dissolved in water
is fed in earth. Water is then pumped from the ground to
remove contaminants. Document US-A1-2007/0144975
is disclosing a method to remediate ground water by add-
ing an oxygen containing gas by diffusion into the ground
water. This document also specifies that the gas injected
in the ground water may alternatively be carbon dioxide

Detailed description of the invention
[0032]

1. Object of the invention is a process for soil reme-
diation which comprises the injection and/or diffusion
of carbon dioxide used as a solvent for contaminants
which are transported thereby in the soil upper layer
followed by:

- excavation and disposal of the superficial layer
in which all the contaminants are concentrated;

- recovery and reuse of CO, by capturing and ex-
traction trough suction and/or pressure control
systems;

- purification of the extracted CO, in order to re-
move particulates, humidity, contaminant frac-
tion dragged, and gases.

[0033] In particular, the application is based on the ex-
ploitation of physical and chemical properties of carbon
dioxide in promoting the desorption and/or dissolution of
organic and/or inorganic contaminants from matrices of
soil and/or sediments.

[0034] The mechanisms of desorption and/or dissolu-
tion by carbon dioxide allow to obtain:

- extraction and/or recovery of contaminants;

- transport of contaminants from deeper layers to
more superficial layers of the soil;

- availability of the contaminants in the soil for subse-
quent removal processes (biological, chemical
and/or physical).

[0035] The invention refers to in-situ, on-site and ex-
situ remediation processes.

[0036] Incase ofin-situtreatment, theinvention relates
to the injection and/or diffusion of carbon dioxide in the
saturated and/or unsaturated soil. Carbon dioxide can
be injected into the ground in gaseous, or liquid form.
[0037] In case of on-site and ex-situ treatment, the in-
vention relates to the injection/diffusion of carbon dioxide
in excavated soil or dredged sediment, collected in heaps
or sent to dedicated reactors. Carbon dioxide can be in-
jected into soil and sediments gaseous or liquid.
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[0038] In any case, in-situ, on-site or ex-situ, carbon
dioxide can be injected in pure form (gaseous or liquid),
or mixed, or sequentially (first one gas then the other or
others), or alternate (alternating injection of CO, and oth-
er gas(es) with other gases. In particular, said other gas-
es include:

- inert gases (nitrogen, argon) or air in order to pro-
mote dilution of the CO, stream and allowing an in-
crease of the radius of action of the injection or to
remove the remaining CO, and restore neutral pH
conditions of the soil;

- oxidizing gas (air, oxygen, ozone), in order to com-
bine the processes of desorption/dissolution induced
by CO, with oxidation processes (chemical and/or
biological) induced by the oxidizing gas;

- reducing gases (hydrogen, methane, propane), in
order to combine the processes of desorption/disso-
lution induced by CO, with reduction processes
(chemical and/or biological) induced by the reducing
gas;

- noble gases (helium, neon, argon, krypton, xenon,
radon) to determine the radius of influence of the
injection system.

[0039] In the case of mixtures, CO, and other gases
are injected into the ground by a single feeding line. In
the case of combinations, CO, and other gases are in-
jected with independent feeding lines. In the latter case,
theinjection of CO, and other gases can be simultaneous
or alternate.

[0040] At the end of the injection of gaseous or liquid
CO,, the injection into the soil of another gas can be
considered, such as nitrogen or air, in order to promote
the removal of the remaining CO, and/or restore the pH
of the ground. As said before, the introduction of CO,
lowers the pH of the soil and water and, therefore, if it is
expected a finishing stage for the removal of residues of
pollutants by biological system, it may be convenient to
adjustthe pH to the neutral value to facilitate this process.
[0041] CO, acts as a solvent for contaminants and can
accordingly be considered a carrier allowing the extrac-
tion or the transport of pollutants in the soil upper layer.
After transportation of contaminants in the upper layer of
the soil, the site remediation can be completed by exca-
vation and disposal of the superficial layer in which all
the pollutants were concentrated.

[0042] CO, is recovered and reused. Recovery in-
cludes a step of capturing and extraction trough systems
of suction and/or pressure control. The extracted CO, is
conveyed to a purification system to remove particulates,
humidity, contaminant fraction dragged, and the pres-
ence of other gases (such as air). CO, purification sys-
tems may consist of chemical or chemical-physical proc-
esses such as filtration, adsorption, chemical and/or pho-
to-chemical reactions, selective separation, condensa-
tion, and generally any other type of purification system.
[0043] In all cases, the application of CO, involves the
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provision of a system of safety devices for monitoring
pressures and compositions of exhaust gases trapped,
or atmosphere formed within wells, piles and/or the re-
actor in order to prevent the establishment of overpres-
sure or explosion conditions.

[0044] Where the treatment by CO, determined the
production of leachate or, in general, liquid effluents,
such as it may occur in the process of injection of dis-
solved CO, for ex-situ treatment of soil, the process pro-
vides a storage compartment and subsequent treat-
ment/disposal. In case of leachate treatment, it can be
used any kind of technology of chemical, chemical-phys-
ical and/or biological wastewater treatment.

[0045] The application of carbon dioxide in soils, sed-
iments and aquifers involves the use of injection systems
that differ in function of the physical state in which CO,
is injected and the conditions of employment. In the ap-
plications described below the apparatus with which the
CO, is made available to the injection or the dissolution
is given only by way of example and for completeness
of information. Any other system that makes available
the CO,, liquid or gaseous, can be used.

[0046] The general description of the process steps,
depending on the application, are listed below. They are
also shown in the annexed drawings.

a) "Storage of liquid gas in cryogenic tank or com-
pressed gas in cylinders and/or cylinder packs". The
type of storage can be any of those now known: cyl-
inders, cylinder packs, tube trailer, liquefied gas
tanks; they can also be used other systems such as,
for example, the production of CO, from gaseous
effluents, or the use of CO, in pipelines. In the stor-
ages of gases is present CO, to be used and also,
if planned, other gases listed in this specification.
b) "Stage of evaporation (in the case of storage of
liquid gas)". The stage of evaporation is designed to
bring CO, into a gaseous form and it can be realized
in any known manner. The fluid providing heat can
be water, air, or another fluid available on site at a
suitable temperature, or an electric heater.

c) "Reduction of gas pressure". The reduction of
pressure, almost always necessary because CO, is
stored at pressure > 1 bar, can be achieved with a
reduction system according to the technique. The
final pressure of CO, is the one useful to inject the
gas, but it may even be given a pressure of 10-20
bar higher than the minimum pressure required when
you also want to have a mechanical action on the soil.
d) "Flow regulation of gas supplied". The flows that
can be used are from 0.1 to 10,000 m3/h (ten thou-
sand m3/h). It can also be used the CO, recovered
from the previous injections. The flow is intended as
Nm3 (normal m3 of gas), even when supplied by lig-
uid CO,. The regulation of the desired flow is per-
formed using valves or flow controllers, already on
the market. Theinjection can be performed with puls-
es or in continuous.
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e) "Injection well or wells" in saturated or unsaturated
soil. The number of injection wells depends on the
size of the plant, which in its turn depends on the
structure and composition of the soil, the amount of
pollutant, the time in which it is desired to perform
the intervention, the need to dose a maximum of CO,
in each well.

f) "CO, injection system". CO, can be injected
through pipes and/or diffusers/ejectors. Injection of
CO, can be performed directly, i.e. through the hole
or a series of holes of the inlet pipe, or it can be
dispensed through diffusers or liquid/liquid or gas/lig-
uid ejectors, if it dosed in water. The CO, release
way can be different depending on it is placed as
unique gas or with other gases.

g) "Surface coverage system". The surface cover-
age is designed to trap the CO, that could migrate
in the atmosphere and it can be done with any cov-
erage deemed appropriate as, for example, plastic
sheets, brick materials, asphalts, layer of imperme-
able soil, concrete, compacted soil cover.

h) "CO, capture/extraction system". The system ex-
tracts the residual CO, and the volatilized substanc-
es dissolved in it, and possibly other gases present
in the soil. The extraction system of the CO, re-
mained gaseous, vaporized, or present in water, is
designed to remove along with it the pollutants that
it was intended to dissolve or remove from the soil.
The collection can be performed using a series of
wells, which have from time to time the aim to extract
the gas phase, containing CO,, air and impurities,
or the liquid phase, that is water rich in CO,, air and
impurities. The extraction can be performed by ap-
plying a vacuum for the aspiration of the gas phase,
or using pumps, for suction of the liquid phase. The
number of wells depends on their radius of influence,
from the collection system chosen, from the type of
soil to be reclaimed, from the amount of pollutant to
be removed, from the removal rate to be pursued.
i) "CO,, purification and recovery system". The puri-
fication system of CO,, thatis removal of taken away
impurities contained therein, can be either chemical
(oxidation with oxygen, ozone or other oxidants),
physical (condensation of impurities), physical-
chemical (absorption/adsorption on substrate) or bi-
ological. It may be necessary to use a series of stag-
es with different methods to remove impurities as
some of them can be removed only from one type
of technology. The choice of removal system de-
pends on the pollutants and their concentration. The
quantity of sucked air present in the CO, flow can
affect the choice of treatment systems.

j) "Recirculation of recovered CO,". The recirculation
of CO, recovered can be done through its compres-
sion or through suction in a Venturi-system or though
the depression of the main flow of CO,.

k) "Feeding and dispersion line of dissolved CO,".
The dissolved CO, is dispersed in the pile of con-
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taminated soil by surface or sub-surface watering.
The dispersion of CO, in the heaps of soil may be
by direct injection of CO,.

I) "Leachate drainage system". The drainage must
be provided for full recovery of the water percolated
into the heap of sail.

m) "System of collection and treatment/disposal of
leachate". The collection and subsequent delivery to
the treatment of leachate is performed with one of
the systems in use. The treatment is chosen consid-
ering the type and concentration of pollutants and it
can be either chemical (oxidation with oxygen, ozone
or other oxidants), physical (condensation of impu-
rities), physical-chemical (absorption/adsorption on
substrate) or biological. It may be necessary to use
a series of stages with different methods to remove
impurities as some of them can be removed only
from one type of technology.

Description of the Figures
[0047]

Figure 1 shows the state diagram of CO,.

Figure 2 shows the application of liquid or gaseous
CO, in-situ (saturated soil): the reference numbers
1-5 designate the following elements:

1: liquid and/or gaseous CO, storage compart-
ment (tanks or cylinders)

2: CO, flow control system (pressure reducers,
flow regulators

3: CO,, injection system (diffuseri/ejector)

4: CO, purification and collection system

5: CO, recycling system

6: surface coverage

7: Land area.

Figure 3 shows the application of liquid or gaseous
CO, in-situ (unsaturated soil): the reference num-
bers 1-5 designate the following elements:

1: liquid and/or gaseous CO, storage compart-
ment (tanks or cylinders)

2: CO, flow control system (pressure reducers,
flow regulators)

3: CO, injection system (diffuser/ejector)

4: CO, purification and collection system

5: CO, recycling system

6: surface coverage

7: ground level

8: unsaturated soil

9: groundwater level

10: saturated soil.

Figure 4 shows the application of ex-situ or on-site
liquid or gaseous CO,: the reference numbers 1-5
designate the following elements:
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1: liquid and/or gaseous CO, storage compart-
ment (tanks or cylinders)

2: CO, flow control system (pressure reducers,
flow regulators)

3: CO, distribution line in soil accumulation

4: soil accumulation

5: soil coverage
6
7
8
9
1

CO, recycling
watering line (external or internal to the heap)
leachate drainage line

0: leachate treatment system.

: CO, purification and collection system

Figure 5 shows the ex-situ/on site application of lig-
uid or gaseous CO, in a pressurized reactor: the
reference numbers 1-5 designate the following ele-
ments:

1: liquid CO, storage compartment

2: CO,, flow control system

3: pressure reactor

4: CO,, purification system

5: System of liquefaction, or the re-releasing in
pressure, of CO, recovered.

[0048] For all the proposed uses, the process de-
scribed can be replicated a number of times considered
sufficient, based on the considered appropriate size, de-
pending on the area to be reclaimed, on the radius of
influence of the injection and collection system selected,
on the type of soil to be reclaimed, on the amount of
pollutant to be removed and on the removal rate to be
pursued.

[0049] In all applications below proposed the injection
of CO, can be done:

a) in continuous;

b) by instant injection (or with a short duration time)
of a known volume of gaseous or liquid CO, with a
flow equivalentto 0.1 to 10,000 Nm3/h (ten thousand
Nm3/h) (possibly using the recovered CO,);

c) by pulses;

d) alternated with other gases.

Liquid or gaseous carbon dioxide in-situ

[0050] In the case of the use of liquid or gaseous car-
bon dioxide in-situ applied to the soil saturated or unsatu-
rated, systems of injection/diffusion comprise (Fig. 2-3):

a) storage of liquid gas in cryogenic tank or com-
pressed gas in cylinders and/or cylinder bundles;
b) stage of evaporation (in the case of storage of
liquid gas);

c) gas pressure reduction;

d) regulation of the flow of gas supplied;

e) well or wells of injection in the saturated or un-
saturated ground;
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f) CO, injection system;

g) system of surface coverage;

h) system of collection and extraction of CO,;
i) system of purification and recovery of CO,;
j) recirculation of the recovered CO,.

Liquid or gaseous carbon dioxide on-site or ex-situ

[0051] In the case of use of gaseous carbon dioxide
on-site or ex situ (Fig. 4), systems of injection/diffusion
comprise:

a) pile of contaminated soil to be treated covered
with tarpaulin;

b) storage of liquid gas in cryogenic tank or com-
pressed gas in cylinders and/or cylinder bundles;
c) evaporating compartment (for storage of liquid
gas);

d) reduction of gas pressure;

e) regulation of the flow of gas;

f) CO, injection system;

g) system of collection and extraction of remaining
COy;

h) system of purification and recovery of CO,;

i) recirculation of recovered CO,.

[0052] The on-site/ex-situ treatment may also include
the wetting of the pile of soil by a system of surface or
sub-surface watering. In these cases, treatment also in-
cludes a system of drainage, collection and treat-
ment/disposal of leachate.

Liquid or gaseous carbon dioxide on-site or ex-situ
in pressurized reactor

[0053] In the case of the use of liquid carbon dioxide
on-site/ex-situ (Fig. 5), systems of injection/diffusion
comprise:

a) pressurized reactor containing contaminated soil;
b) storage of liquid gas in cryogenic tank or storage
of gaseous COy,;

c) regulation of the flow of CO, supplied to values
equivalent to 0.1 to 10,000 m3/h (possibly using the
recovered CO,), the flow is intended as Nm?3 (normal
m3 of gas);

d) feeding system of CO, in the reactor;

e) system of collection/extraction from the reactor of
residual CO, and volatilized substances;

f) system of purification and recovery of CO,;

g) recirculation of the recovered CO,.

[0054] Alternatively, CO, can be introduced into the
pressurized reactor already dissolved in water. In this
case, the system also provides:

h) water supply line;
reactor of CO, dissolution in water.
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Claims

1. A process for soil remediation which comprises the
injection and/or diffusion of carbon dioxide used as
a solvent for contaminants which are transported
thereby in the soil upper layer, the process being
charaterized by the further following steps of :

- excavation and disposal of the superficial layer
in which all the contaminants are concentrated;
- recovery and reuse of CO, by capturing and
extraction trough suction and/or pressure con-
trol systems;

- purification of the extracted CO, in order to
remove particulates, humidity, contaminant
fraction dragged, and gases.

2. Process according to claim 1, wherein carbon diox-
ide is applied in-situ, on-site or ex-situ, by injection
according to one of the following modalities:

a) in continuous;

b) instantaneous, or with a short duration time,
of a known volume of gaseous or liquid CO, with
a flow equivalent to 0.1 to 10,000 Nm3/h (ten
thousand Nm3/h);

c) by pulses;

d) alternated with other gases.

3. Process according to claim 1 to 2, in which carbon
dioxide is injected pure, mixed and/or combined with
inert gases, with oxidant gases, with reducing gases
or with mixtures of these gases.

4. Process according to any of claims 1 to 3, in which
carbon dioxide is injected into the soil in-situ or on-
site or ex-situ in pile or in a reactor, mixed with other
gases through a single feeding pipe or by independ-
ent feeding lines.

5. Process according to claim 4 wherein, depending on
the area to be reclaimed and the radius of influence,
the injection and the collection of carbon dioxide are
replicated by the number of times calculated in func-
tion of the considered appropriate sizing and where
injection wells are located within the contaminated
area, upstream or downstream of this.

6. Process according to claim 1, wherein the purifica-
tion of carbon dioxide is carried out by chemical or
physical-chemical processes of filtration, carbon ad-
sorption, chemical and/or photo-chemical reactions,
selective separation or condensation.

7. Process according to claim 1, wherein, in the case
of in-situ treatment, air, nitrogen, oxygen or mixtures
thereof are injected in order to remove the carbon
dioxide remained in soil or groundwater.
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Process according to claim 7, wherein the gas injec-
tion is performed in order to create a favorable con-
dition to microbial degradation in soil or groundwater.

Process according to claim 7, wherein the gas injec-
tion is performed to restore the conditions of pH and
other characteristics of the soil present before the
treatment with carbon dioxide.

Process according to claim 1, in which the reuse of
carbon dioxide involves the re-compression or re-
liquefaction.

Process according to any of the previous claims, for
in-situ treatment based on the use of carbon dioxide
in gaseous or liquefied form, comprising:

- storage of liquid gas in cryogenic tank or gas
compressed in cylinders and/or cylinder bun-
dles;

- evaporation, in the case of storage of liquid gas;
- pressure reducing of compressed gas at pres-
sures up to 1-40 bar;

- flow regulation of gas supplied to values of
0.1-10,000 m3/h;

- injection in well/wells in saturated or unsatu-
rated soil;

- injection of CO, through pipe and diffus-
ers/ejectors;

- surface cover with tarpaulin, brick materials,
asphalt or other;

- collection/extraction of residual CO, and vola-
tilized substances;

- purification and recovery of CO,;

- recirculation of CO, recovered.

Process according to any of claims 1-10 for on-
site/ex-situ treatment based on the use of carbon
dioxide in gaseous or liquid form, comprising:

- accumulation of contaminated soil to be treated
and covered with a tarpaulin;

- storage of liquid gas in cryogenic tank or gas
compressed in cylinders and/or cylinder bun-
dles;

- evaporation, in the case of storage of liquid gas;
- pressure reducing of compressed gas at pres-
sures up to 1-40 bar;

- flow regulation of gas supplied to values of
0.1-10,000 m3/h;

- injection of CO, through the distribution line
placed at the base of the pile of soil;

- collection/extraction of residual CO, and vola-
tilized substances;

- purification and recovery of CO,;

- recirculation of CO, recovered;

- optional humidification of the soil pile trough a
system of surface or sub-surface watering,
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drainage, collection and treatment/disposal of
produced leachate.

13. Process according to any of claims 1-10 for on-

site/ex-situ treatment based on the use of carbon
dioxide in gaseous or liquid form, comprising:

- input of contaminated soil in pressurized reac-
tor;

- storage of liquid gas in cryogenic tank;

- flow regulation of gas supplied to values of
0.1-10,000 m3/h;

- supplying in the reactor of gaseous, liquid or
dissolved in water CO;

- collection/extraction of residual CO, and vola-
tilized substances;

- purification and recovery of CO,;

- re-liquefaction and recirculation of CO, recov-
ered.

14. Process according to claim 11, in which insufflation

is performed at several points located upstream or
downstream in the area affected by the contamina-
tion.

Patentanspriiche

1.

Ein Verfahren zur Bodensanierung, das das Einsprit-
zen und/oder die Diffusion von Kohlenstoffdioxid
umfasst, das als ein Lésungsmittel fiir Verunreini-
gungen verwendet wird, die dadurch in die obere
Schicht des Bodens transportiert werden, wobei das
Verfahren dadurch gekennzeichnet ist, dass es
ferner die folgenden Schritte aufweist:

- Aushub und Entsorgung der oberflachlichen
Schicht, in der alle Verunreinigungen konzent-
riert werden;

- Rickgewinnung und Wiederverwendung von
CO, durch Auffangen und Extrahieren mittels
Saug- und/oder Druckkontrollsystemen;

- Reinigung des extrahierten CO,, um Partikel,
Feuchtigkeit, mitgeschleppte Verunreinigungs-
fraktionen und Gase zu entfernen.

Verfahren gemaR Anspruch 1, wobei Kohlenstoffdi-
oxid in-situ, vor Ort oder ex-situ durch Einspritzen
gemal einer der folgenden Modalitadten angewandt
wird:

a) kontinuierlich;

b) unmittelbar, oder innerhalb einer kurzen Zeit-
dauer, eines bekannten Volumens von gasfor-
migem oder flissigem CO, mit einer Flussrate
entsprechend 0,1 bis 10.000 Nm3/h (zehntau-
send Nm3/h);

c) pulsartig;
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d) abwechselnd mit anderen Gasen.

Verfahren gemaf Anspruch 1 bis 2, in dem Kohlen-
stoffdioxid in Reinform, gemischt und/oder kombi-
niert mitinerten Gasen, mit oxidierenden Gasen, mit
reduzierenden Gasen oder mit Gemischen dieser
Gase, eingespritzt wird.

Verfahren gemal einem der Anspriiche 1 bis 3, in
dem Kohlenstoffdioxid in den Boden in-situ oder vor
Ort oder ex-situ in einen Haufen oder in einen Re-
aktor, gemischt mit anderen Gasen durch eine ein-
zige Versorgungsleitung oder durch unabhéngige
Zuleitungen, eingespritzt wird.

Verfahren gemaf Anspruch 4 wobei, abhangig von
der zurlickzugewinnenden Flache und dem Radius
des Einflusses, das Einspritzen und das Sammeln
von Kohlenstoffdioxid entsprechend der Anzahl, die
in Abhangigkeit von der als angemessen angesehe-
nen GroRRe berechnet wird, wiederholt werden und
wobei sich die Einspritzungsbohrungen innerhalb
der kontaminierten Flache, stromaufwérts oder
stromabwarts derselben befinden.

Verfahren gemaf Anspruch 1, wobei die Reinigung
von Kohlenstoffdioxid durch chemische oder physi-
kalisch-chemische Verfahren von Filtration, Koh-
leadsorption, chemischen und/oder photochemi-
schen Reaktionen, selektiver Trennung oder Kon-
densation durchgefiihrt wird.

Verfahren gemaf Anspruch 1, wobei, im Fall der in-
situ Behandlung, Luft, Stickstoff, Sauerstoff oder Ge-
mische davon eingespritzt werden, um dasim Boden
oder im Grundwasser verbliebene Kohlenstoffdioxid
zu entfernen.

Verfahren gemal Anspruch 7, wobei die Gasein-
spritzung durchgefiihrt wird, um eine fir mikrobiellen
Abbau glinstige Bedingung in dem Boden oder dem
Grundwasser zu schaffen.

Verfahren gemal Anspruch 7, wobei die Gasein-
spritzung durchgefihrt wird, um die pH-Bedingun-
gen und andere Charakteristika des Bodens, die vor
der Behandlung mit Kohlenstoffdioxid vorhanden
waren, wiederherzustellen.

Verfahren gemaf Anspruch 1, in dem die Wieder-
verwendung von Kohlenstoffdioxid die Wiederver-
dichtung oder Wiederverflissigung beinhaltet.

Verfahren gemal einem der vorangehenden An-
spriche, zur in-situ Behandlung basierend auf der
Verwendung von Kohlenstoffdioxid in gasférmiger
oder verflissigter Form, umfassend:
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- Lagerung von Fliissiggas in einem kryogenen
Tank oder Gas, das in Zylindern und/oder Zy-
linderblindeln verdichtet ist;

- Verdampfen, im Fall der Lagerung von Flis-
siggas;

- Verringern des Drucks von verdichtetem Gas
bei Driicken von bis zu 1-40 bar;

- Regulieren des Flusses des eingebrachten
Gases auf Werte von 0,1-10.000 m3/h;

- Einspritzen in eine oder mehrere Bohrungen
in gesattigten oder ungesattigten Boden;

- Einspritzen von CO, durch eine Leitung und
Diffusoren oder Strahler;

- Bedecken der Oberflache mit Plane, Ziegelm-
aterialien, Asphalt oder anderem;

- Sammeln/Extrahieren von verbliebenem CO,
und flichtigen Substanzen;

- Reinigen und Rickgewinnen von CO,;

- Wiederzufiihren von riickgewonnenem CO,,.

12. Verfahren gemaf einem der Anspriiche 1-10 fur vor

Ort/ex-situ Behandlung basierend auf der Verwen-
dung von Kohlenstoffdioxid in gasférmiger oder flis-
siger Form, umfassend:

- Ansammeln von zu behandelndem kontami-
niertem Boden und Bedecken desselben mit ei-
ner Plane;

- Lagerung von Flissiggas in einem kryogenen
Tank oder Gas, das in Zylindern und/oder Zy-
linderbiindeln verdichtet ist;

- Verdampfen, im Fall der Lagerung von Flis-
siggas;

- Verringern des Drucks von verdichtetem Gas
bei Driicken von bis zu 1-40 bar;

- Regulieren des Flusses des eingebrachten
Gases auf Werte von 0,1-10.000 m3/h;

- Einspritzen von CO, durch die Verteilungslei-
tung, die sich am Grund des Haufens des Bo-
dens befindet;

- Sammeln/Extrahieren von verbliebenem CO,
und flichtigen Substanzen;

- Reinigen und Riickgewinnen von CO,;

- Wiederzufiihren von rickgewonnenem CO,.
- gegebenenfalls Befeuchten des Bodenhau-
fens durch ein System der oberflachlichen oder
unterirdischen Bewasserung, Drainage, Sam-
meln und Behandeln/Entsorgen von gebildetem
Sickerwasser.

13. Verfahren gemaf einem der Anspriiche 1-10 fur vor

Ort/ex-situ Behandlung basierend auf der Verwen-
dung von Kohlenstoffdioxid in gasférmiger oder flis-
siger Form, umfassend:

- Einfihren von kontaminiertem Boden in einen
unter Druck stehenden Reaktor;
- Lagern von Flissiggas in einem kryogenen
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Tank;

- Regulieren des Flusses des eingebrachten
Gases auf Werte von 0,1-10.000 m3/h;

- Einbringen von gasférmigem, flissigem oder
in Wasser geléstem CO, in den Reaktor;

- Sammeln/Extrahieren von verbliebenem CO,
und flichtigen Substanzen;

- Reinigen und Riickgewinnen von CO,;

- Wiederverflissigung und Wiederzufiihren von
rickgewonnenem CO,.

14. Verfahren gemaf Anspruch 11, in der Insufflation an

mehreren Punkten, die sich stromaufwarts oder
stromabwarts in der durch die Kontamination betrof-
fenen Flache befinden, durchgefiihrt wird.

Revendications

Procédé de remédiation de sol qui comprend l'injec-
tion et/ou la diffusion de dioxyde de carbone utilisé
comme

solvant pour des contaminants qui sont transportés
ainsi dans la couche supérieure du sol, le procédé
étant caractérisé par les étapes ultérieures suivan-
tes de :

- excavation et élimination de la couche super-
ficielle dans laquelle tous les contaminants sont
concentrés ;

-récupération et réutilisation du CO,, par capture
et extraction par succion et/ou systéme de con-
trole de pression ;

- purification du CO, extrait afin de retirer les
particules, 'humidité, la fraction contaminante
entrainée, et les gaz.

2. Procédé selon larevendication 1, du dioxyde de car-

bone étant appliqué in situ, sur site ou hors site, par
injection selon 'une des modalités suivantes :

a) en continu ;

b) de maniere instantanée, ou sur une courte
durée, d’'un volume connu du CO, gazeux ou
liquide avec un flux équivalent a 0,1 a 10 000
Nm3/h (dix mille Nm3/h) ;

c) par impulsions ;

d) de maniére alternée avec d’autres gaz.

Procédé selon la revendication 1 a 2, dans lequel le
dioxyde de carbone est injecté pur, mélangé et/ou
associé a des gazinertes, a des gaz oxydants, a des
gaz réducteurs ou a des mélanges de ces gaz.

Procédé selon I'une quelconque des revendications
1 a 3, dans lequel le dioxyde de carbone est injecté
dans le sol in situ ou sur site ou ex situ en tas ou
dans un réacteur, mélangé a d’autres gaz a travers
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10

10.

1.

une conduite d’alimentation unique ou a travers des
conduites d’alimentation indépendantes.

Procédé selon la revendication 4 dans lequel, en
fonction de la zone a remettre en état et du rayon
d’influence, l'injection et le recueil du dioxyde de car-
bone sont répliqués selon le nombre de fois calculé
en fonction de I'étalonnage approprié pris en consi-
dération, les puits d’injection étant localisés au sein
de lazone contaminée, en amontou en aval de celle-
ci.

Procédé selon la revendication 1, la purification du
dioxyde de carbone étant conduite par des procédés
chimiques ou physico-chimiques de filtration, ad-
sorption de carbone, réactions chimiques et/ou pho-
tochimiques, séparation sélective ou condensation.

Procédé selon la revendication 1, dans lequel, dans
le cas d’un traitement in situ, de I'air, de I'azote, de
I'oxygéne ou des mélanges de ceux-ci sont injectés
afin de retirer le dioxyde de carbone qui demeurait
dans le sol ou la nappe phréatique.

Procédé selon la revendication 7, dans lequel I'in-
jection de gaz est exécutée afin de créer des condi-
tions favorables de dégradation microbienne dans
le sol ou dans la nappe phréatique.

Procédé selon la revendication 7, dans lequel I'in-
jection de gaz est exécutée pour restaurer les con-
ditions de pH et d’autres caractéristiques du sol pré-
sentes avant le traitement avec le dioxyde de car-
bone.

Procédé selon larevendication 1, dans lequel la réu-
tilisation du dioxyde de carbone implique la re-com-
pression ou la re-liquéfaction.

Procédé selon 'une quelconque des revendications
précédentes, pour le traitement in situ sur la base
de I'utilisation du dioxyde de carbone sous la forme
gazeuse ou liquéfiée, comprenant :

- le stockage de gaz liquide dans une cuve cryo-
génique ou de gaz comprimé dans des bonbon-
nes et/ou des lots de bonbonnes :

- I'évaporation, dans le cas du stockage de gaz
liquide ;

- la réduction de pression du gaz comprimé a
des pressions atteignant 1 a 40 bars ;

- la régulation de I'’écoulement du gaz alimenté
a des valeurs de 0,14 10 000 m3/h ;

- l'injection dans un puits/des puits dans un sol
saturé ou non saturé ;

- l'injection de CO,, a travers une canalisation et
des diffuseurs/éjecteurs ;

-le recouvrement de la surface avec une bache,
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des briques, de I'asphalte ou autre ;

- le recueil/l'extraction de CO, résiduel et des
substances volatilisées ;

- la purification et la récupération de CO, ;

- la recirculation du CO, récupéré.

Procédé selon I'une quelconque des revendications
1 a 10 destiné au traitement sur site/hors site basé
sur I'utilisation du dioxyde de carbone sous la forme
gazeuse ou liquide, comprenant :

- 'accumulation de sol contaminé a traiter et re-
couvert d’'une bache ;

- le stockage de gaz liquide dans une cuve cryo-
génique ou du gaz comprimé dans des bonbon-
nes et/ou des lots de bonbonnes ;

- I'évaporation, dans le cas du stockage de gaz
liquide ;

- la réduction de pression du gaz comprimé a
des pressions atteignant 1 a 40 bars ;

- la régulation de I'écoulement du gaz alimenté
a des valeurs de 0,1 a 10 000 m3/h ;

- l'injection de CO, a travers la ligne de distribu-
tion placée a la base du tas de terre;

- le recueil/l'extraction du CO, résiduel et des
substances volatilisées ;

- la purification et la récupération de CO, ;

- la recirculation du CO, récupéré ;

- ’humidification facultative du tas de terre a tra-
vers un systéme de surface ou l'arrosage en
sous-surface, le drainage, le recueil et le traite-
ment/I'élimination du lixiviat produit.

Procédé selon I'une quelconque des revendications
1 a 10 destiné au traitement sur site/hors site basé
sur l'utilisation du dioxyde de carbone sous forme
gazeuse ou liquide, comprenant :

- lintroduction du sol contaminé dans un réac-
teur sous pression ;

- le stockage de gaz liquide dans une cuve
cryogénique ;

- la régulation de I'écoulement du gaz alimenté
a des valeurs de 0,1 & 10 000 m3/h ;
-I'alimentation dans le réacteur du CO, gazeux,
liquide ou dissous dans de I'eau ;

- le recueil/l'extraction du CO, résiduel et des
substances volatilisées ;

- la purification et la récupération de CO, ;

- la re-liquéfaction et la recirculation du CO, ré-
cupéré.

Procédé selon la revendication 11, dans lequel I'in-
sufflation est exécutée a plusieurs points localisés
en amont ou en aval dans la zone affectée par la
contamination.
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